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In this research program, modern x-ray scattering techniques are used to study the structures and
phase transitions in novel states of condensed matter. We have two principal experimental facilities.
At M.I.T. we have three high-resolution computer controlled x-ray spectrometers using either a
conventional or high intensity rotating anode x-ray generator. The angular resolution can be made as
fine as 1.8 seconds of arc; this enables one to probe the development of order from distances of the
0 0
order of the x-ray wavelength, -1 A, up to 30,000 A. The sample temperature may be varied between
2 K and 500 K with a relative accuracy of 2 x 10' 3 K. We are currently designing and building a two
spectrometer system to be installed at the National Synchrotron Light Source at Brookhaven National
Laboratory. This will enable us to do high resolution scattering experiments with a flux more than
three orders of magnitude larger than that from our rotating anode x-ray generator. This opens up a
new generation of experiments. As part of this J.S.E.P. program we are designing and building an
x-ray compatible high vacuum single crystal surface apparatus. This will enable us to use
synchrotron radiation to study the structure and transitions occurring at single surfaces. The
possibilities with this seem virtually unlimited. Our current experiments in this program are
concentrated in two areas: (i) the structure and phase transitions of monolayer films of simple atoms
and molecules physiadsorbed onto the basal planes of exfoliated graphite, (ii) the structure and
phase transitions of smectic liquid crystals. We have also initiated some new experiments on
intercalated graphite compounds. The initial results on this latter project are particularly promising
and we anticipate that this will expand into a major effort.
5.1 Structure and Transitions of Rare Gas Atoms on Graphite
We have carried out a series of high resolution x-ray scattering experiments at the Stanford
Synchrotron Radiation Laboratory on monolayer krypton on graphite. Our emphasis has been on the
commensurate-incommensurate transition in which the krypton overlayer goes from being in registry
with the underlying graphite (specifically the V3 x V53 R 300 structure) to out of registry. Our initial
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experiments 1 showed that in the weakly incommensurate phase. the structure is highly disordered;
indeed we described it as a fluid state. This was initially considered quite controversial; however, a
number of theories have now appeared which justify our assertion. In order to probe this further, we
have carried measurements with quite high counting statistics. Detailed fits to the structure factor in
the "disordered" state show that it is well described by a Lorentzian as expected in a well-correlated
two-dimensional fluid. Many other possible models may be ruled out. We have also used the
commensurate krypton profile to characterize the quality of the surfaces in varied forms of exfoliated
graphite. 2 We find that Union Carbide ZYX graphite has by far the largest surface coherence length.
From previous work, including our own, it is known that for temperatures between 70 K and 150 K,
monolayer xenon forms a simple triangular structure which "floats" on the graphite surface barely
recognizing the substrate. It thus provides an ideal system for studies of continuous symmetry
freezing in two dimensions. Recent theory has suggested that the freezing transition could be
continuous in two dimensions, in start contrast to solidification in three dimensions which is always
strongly first order from a poorly correlated liquid to an ordered solid. We have studied the monolayer
xenon on graphite freezing transition both as a function of temperature and areal density using x-ray
synchrotron radiation. 3 We find that for coverages above one monolayer, the freezing indeed occurs
continuously, with fluid correlation lengths exceeding one hundred atomic spacings. Further, we find
that a number of detailed predictions of the theory, which is based on the condensation of isolated
dislocations into pairs, are confirmed. This represents the first unambiguous observation of second
order freezing in two dimensions.
5.2 Smectic Liquid Crystals
Liquid crystals are made up of rod-like molecules. In the nematic phase the axes of the molecules
align parallel to each other but the centers of mass of the molecules are still randomly distributed so
that one has a pure fluid structure factor. In the smectic A and C phases, a one-dimensional
sinusoidal density wave is set up either along (A) or at an angle (C) to the molecular axis. Thus, these
smectics are like solids in one direction and fluids in the other two. These systems exhibit particularly
interesting phase transitions which present an important challenge to modern theories of critical
phenomena. In our recent work we have emphasized studies of binary mixtures of smectic liquid
crystal materials.
The material octyloxy-p'-pentylphenyl thiolbenzoate (8 S5) exhibits as a function of decreasing
temperature nematic, smectic A and smectic C phases. By changing the aliphatic chain length by one
CH2 unit, one obtains a material, 7 S5, which has only nematic and smectic C phases. Not
surprisingly, as one adds 7 S5 to 8 S5 the temperature range over which the A phase exists is
decreased until for 8 S5.58 7 S5 the A range goes to zero. This point is called the NAC multicritical
point. We have studied the N-A and A-C critical behavior as a function of concentration up to the
NAC point. We find that the behavior along the N-A and A-C lines is remarkably simple.4 The N-A
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trarnilihon is characterized by I orentzian fluctuations with essentially ordinary critical behavior right
up to the NAC point. The A-C tilt transition exhibits a crossover from mean field behavior for pure 8
S5 to conventional critical behavior at the NAC point. Much more exotic effects were anticipated from
the existing theories. We have not yet understood why the observed behavior is so simple.
A rather novel phenomenon which has attracted a great deal of attention in the liquid crystal
community is that of re-entrant nematic-smectic A behavior. In a bilayer material such as
octyloxycyano-biphenyl (80CB) as a function of decreasing temperature one has successively
nematic, smectic A and re-entrant nernatic (NRe) phases. This was initially considered quite
surprising since normally with decreasing temperature, systems go from less-ordered to more-
ordered structures. In this case, however, the A-NRe transition represents the opposite evolution. In
order to probe the physics underlying this unusual phenomenon, we have again studied binary
mixtures. The material hexyloxycyanobiphenyl (60CB) exhibits only a nematic phase. Hence by
adding 60 CB to 80 CB the temperature range over which the A-phase exists is decreased. At a
molecular concentration ratio y = 0.427 of 60CB:80CB the A phase is first eliminated. We have
studied the smectic fluctuations in the upper and lower nematic phases for a series of concentrations
around the critical value y = 0.427. We find that the N-A and A-NRe transitions are remarkably similar.
This proves that the two nematic phases are in fact identical, that is, NRe does not represent a new
state of matter. We have constructed a simple theory for this behavior based on an idea of Pershan
and Prost. In this theory one assumes that there is an optimal density for smectic A formation, and
that as the temperature is lowered due to thermal contraction one passes through this optimal
density. Further, one assumes that the smectic A interactions decrease linearly with y, the amount of
60 CB in the mixture, and quadratically with temperature about on optimum temperature T . The
various constants in the theory are fixed by the behavior in pure 80 CB and by critical concentration
Yo = 0.427. This theory turns out to be remarkably successful in describing both the overall phase
diagram and the detailed behavior of the smectic A fluctuations throughout the upper and lower
nematic phases including concentrations y > yo. Thus the re-entrant phenomenon which initially
appeared to be quite exotic can, in fact, be understood on rather simple physical grounds.
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